the skin microcirculation using LDF coupled with acetylcholine iontophoresis represents a technically challenging and reliable noninvasive method for the assessment of endothelial function within a large range of normal and altered endothelium responses.
In response to chemical and mechanical stimuli, endothelial cells secrete a wide range of molecules that regulate vasomotion, hemostasis, and inflammation, of which nitric oxide (NO) is the most studied. NO has numerous actions, including vasodilatory, 1 anti-inflammatory, 2 antiproliferative, 3 antioxidant, 4 antiapoptotic, 5 and antithrombotic 6 effects, which, in balance with other bioactive factors, contribute to vascular homeostasis and tend to protect the vascular wall from atherosclerosis. Endothelial dysfunction could affect a wide range of vascular homeostatic mechanisms, but it is often evaluated in terms of vasodilatory function. Endothelial dysfunction leads to a proinflammatory and prothrombotic phenotype that may play a pivotal role in the development of atherosclerosis and its clinical complications. 7 Endothelial dysfunction is associated with atherosclerotic risk factors, 8, 9 and may be a predictor of an increased rate of adverse cardiovascular (CV) events (for reviews see refs. 7, 10) . It has been suggested that endothelial function can serve as a marker of the overall atherosclerotic risk in an individual. 7 Endothelial dysfunction is reversible, and improving endothelial function is now becoming a primary therapeutic target.
Several methods and techniques are available for the assessment of endothelial function by measuring endothelialdependent vasodilatation. 11 The methods differ in the sites at which endothelial function is assessed, the techniques by which vasodilation is measured and the stimuli that provoke endothelium-dependent vasodilation. Perhaps the most relevant site to assess endothelial function is in the coronary arteries but it is unacceptable for routine screening. Because endothelial dysfunction is a systemic disorder that can be measured at different sites, 12 peripheral vascular beds represent an easier access and require less elaborate equipment. Vasodilation may be expressed as a change in diameter of a large arterial segment or as a change in blood flow in the microcirculation. Endotheliumdependent vasodilation can be either provoked invasively by
Background
The structure and function of blood vessels varies along the vascular tree. Endothelial dysfunction is a hallmark of increased cardiovascular (CV) risk that can be assessed by several methods, some of which are invasive and of restricted application. The aim of this study was to determine whether the laser Doppler response of skin microcirculation to acetylcholine, reflects that of conduit artery assessed by brachial artery flow-mediated dilation (FMD).
Methods
Noninvasive measurement of endothelium-dependent vasodilation in the skin microcirculation by laser Doppler flowmetry (LDF) in response to a local transdermal iontophoretic application of acetylcholine (ach-SkBF) is an operator-independent method. achSkBF and FMD were measured in the nondominant upper limb of 55 unselected consecutive patients admitted in our department for evaluation of CV risk factors. results ach-SkBF was (mean ± s.d. (min-max)) 490 ± 414%, (10-1667%) and FMD was 3.77 ± 3.01% (0.91-10.91). a strong linear relationship was found between ach-SkBF and FMD: ach-SkBF = 122.7 FMD + 25.8 (r = 0.92, P < 0.0001).
conclusions Endothelial dilatory response to increased blood flow and to acetylcholine are similar in large arteries and in the skin microvasculature. Thus, measurement of blood flow changes in
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Endothelial Function in the Skin Microcirculation direct infusion of a vasodilator such as acetylcholine (Ach) or noninvasively by the increase in blood flow velocity caused by postocclusive reactive hyperemia. Methods in which Ach is infused directly into the coronary arterial circulation and the resulting vasomotion measured in terms of arterial diameter changes by quantitative coronary angiography, 13 or in terms of coronary blood flow changes using intracoronary Doppler echography, 14 are considered to be the best techniques to assess endothelial function. However, the invasive nature of these methods limits their use, with the need for special and costly equipments and skilled operators.
Direct infusion of Ach is also frequently employed in the peripheral circulation. In one method, Ach is infused into the brachial artery and the resulting change in forearm blood flow is measured using strain-gauge venous impedance plethysmography, 15 which assesses endothelium-dependent vasomotion predominantly in the forearm resistance vessels. A less invasive approach that has been widely used in the upper limb involves induction of flow-mediated dilation (FMD) consecutive to postocclusive reactive hyperemia. 16 The resulting FMD is usually assessed by measuring the change in lumen diameter in the brachial artery using high-resolution ultrasounds. 17 Another method that has been introduced more recently is applied to the skin microcirculation. Endothelium-dependent vasodilation of skin resistance vessels can be induced by transdermal iontophoretic application of Ach or other vasodilators, and the resulting local increase in blood flow can be measured using laser Doppler flowmetry (LDF) or imaging (see review in ref. 18 ). This method is noninvasive and easy to perform in a short time and may be appropriate for a wide range of individuals, including children. The aim of the present study was to compare endothelium-dependent vasodilation in the skin circulation obtained with this method to FMD in the brachial artery, both techniques being applied in consecutive patients admitted in the CV department of the Lariboisière Hospital for evaluation of their CV risk.
Methods
Participants and study design. Fifty-five (37 men, 18 women) consecutive unselected patients admitted in the department of noninvasive investigations for evaluation of their CV risk were recruited for the study.
All participants gave written informed consent; the protocol was approved by the local medical ethical committees (Angers, CPP-Angers Ouest 2 and Academic Lariboisière University Hospitals).
All patients were studied in the morning between 9 am and 11 am, after at least 6 h fasting and no caffeine intake for at least 15 h. Measurements were performed in a room maintained at 21-23 °C, after at least 20 min of semi-supine rest. Both measurements were performed on the nondominant arm of each patient, in a random order by two different operators who were blinded to the results of the other technique. The time interval between the two sets of measurements was always <10 min. Patients taking medications were advised to stop their treatments 24 h before the study.
Brachial artery FMD. The artery diameter waveform was assessed in the right lateral brachial artery using a previously described automated, M-mode ultrasonic wall tracking system (Wall Track System, PIE Medical, Maastricht, the Netherlands). 19 This system requires minimal reader intervention and is capable of detecting wall movement of <10 µm. For each measurement, M-mode echo tracking data were obtained for 10 s and end-diastolic diameters were averaged. An occluding cuff was then placed directly proximal to the wrist and inflated to 200 mm Hg for 3 min. Brachial diameter measurements were performed between 30 and 50 s after cuff release. After all measurements were completed, the experiment ended with assessment of the maximal endothelium-independent vasodilatation of the brachial artery measured 1, 3, and 5 min after one administration of glyceryl trinitrate (30 mg, sublingual spray).
Acetylcholine-induced changes in skin blood flow. Ach was delivered through the skin by transdermal iontophoresis. This noninvasive method allows for the local transfer of charged substances across the skin by use of a weak electric current. An applied electrical potential difference will actively cause ions and molecules bearing a net electrical charge to migrate in solution. The direction and speed of migration can be achieved by adjusting the polarity, magnitude and the total amount of Ach delivered into the skin is related to the current and the duration of application (i.e., the electrical charge).
Endothelium-dependent vasodilation was assessed by measuring the change in skin blood flow using LDF technique. The laser light penetrates the skin and is partially backscattered by red blood cells. According the FizeauDöppler principle, the frequency of the backscattered light was changed in proportion to the velocity of the red blood cells. The frequency shifts are converted into a voltage signal that is proportional to the number and velocity of the illuminated red blood cells. A laser Doppler flowmeter probe (Periflux 5000, Perimed, Sweden) embedded within a heating-drug delivery chamber was used in combination with a current-controlled delivering device (PeriIont, Perimed, Järfälla, Sweden). Laser Doppler signals were recorded continuously using an interfaced computer with acquisition software (Perisoft, Perimed, Järfälla, Sweden). The drug delivery chamber was loaded with 80 µl of acetylcholine (hydrochloride salt, Sigma, Steinheim, Germany) dissolved in distilled water at 20 g/l (0.0001 mol/l).
The iontophoresis drug delivery chamber was attached to the flexor surface of the nondominant forearm. The positive lead of the current source was attached to the drug delivery chamber, and the negative lead (i.e., reference electrode) to a conductive hydrogel pad installed on the wrist. During the overall recording period, the probe temperature was clamped at 32 °C by the LDF device. After measurement of baseline blood flow for 120 s, three successive applications of Ach were made, 120 s apart, using anodal current (0.1 mA for 10 s each). For all participants, endothelium-dependent vasodilation in original contributions Endothelial Function in the Skin Microcirculation the skin microcirculation was defined as the ratio of maximal blood flow response to Ach iontophoresis divided by the averaged baseline blood flow (data expressed in %).
Statistical analysis. All data are expressed as mean ± s.d. Correlation coefficients between brachial FMD and Achinduced skin blood flow changes were determined by Spearman statistics and regression was fitted by least-squares linear equation. A P value <0.05 was considered significant.
results
The patients' clinical, biometric, and hemodynamic data are summarized in Table 1 .
Sixty percent of the patients were treated for hypertension, 31% were smokers, 57% were treated for type 2 diabetes, and 48% were treated for high cholesterol.
A typical skin blood flow recording to successive 10 s iontophoretic applications of Ach is shown in Figure 1 . Under control conditions, the brachial mean blood velocity was 11.8 ± 6.0 cm/s; the maximal value of brachial blood velocity during ischemia-induced hyperemia was 58.4 ± 11.4 cm/s. The corresponding wall shear stress was calculated as 4 µ V/R, where µ is the estimated blood viscosity, V the mean blood velocity, and R the internal radius of the brachial artery. Wall shear stress was 4.9 ± 1.5 dyne/cm 2 under control conditions and 23.2 ± 4.3 dyne/cm 2 during hyperemia. There was a strong linear relationship between Ach-SkBF and brachial FMD (Ach-SkBF = 122.7 × Brachial FMD + 25.8; r = 0.92, P < 0.001, Figure 2 ).
discussion
The study was designed to compare two techniques for the assessment of the endothelial function in a large conduit artery (i.e., brachial) and in the skin microcirculation. In the large artery, the endothelium was activated by a mechanical stress (ischemia-induced increase in blood flow and thus shear stress) and by a pharmacological agonist (activation of muscarinic receptors by Ach) in the skin microcirculation. In order to explore a wide range of endothelial responses, we included nonselected consecutive patients admitted in our department for screening of atherosclerosis. Our study demonstrates in a nonselected population of subjects that the endothelial function of the skin microcirculation in response to Ach iontophoresis reflects the measurement of endothelial function measured in a large conduit artery.
FMD of peripheral conduit arteries measured by highresolution ultrasound is a well-established noninvasive method for assessment of endothelial function. 17 The technique is based on endothelial production of NO stimulated by reinstated shear stress induced by the postocclusion blood flow. The location of the measurement of the endothelial response (brachial artery) is supposed to be far enough of the ischemic tissues (hand) to avoid metabolic vasodilation of the brachial artery. The FMD of the brachial artery during postocclusive hyperemia is considered as a gold standard of the assessment of the endothelial function. This method is accepted as reliable and reproducible. 20 However, a major limitation of the original contributions
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technique is that the change in arterial diameter during FMD is usually small, <10% of the baseline diameter in healthy young subjects and less (0-2%) in patients with high CV risk. 16 Thus, the use of measurement of FMD needs very welltrained operators and the between-operators and within-subject variability found in different studies can be relatively high and despite consensus still represents a strong limiting factor for multicentric studies. 21, 22 The assessment of endothelial function derived from the changes in cutaneous perfusion measured by LDF technique during iontophoresis of Ach is gaining interest in clinical studies. 18 In clinical routine, this method could represent a useful tool since the microcirculation may well reflect the initial site for endothelial damage in subjects at risk of CV diseases. Actually, it is thought that microvascular endothelial damage may precede large artery stiffening, leading to further CV complications. 23, 24 Ach-induced vasodilatation of the skin microcirculation provoked by iontophoretic transdermal administration of Ach involves agonistic endotheliumdependent response. 25 Ach increases the skin laser Doppler blood flow signal in a dose-dependent manner 26 and with an acceptable reproducibility (coefficients of variation between 10 and 17%). 27, 28 It is also thought to be a more suitable stimulus for provoking endothelium-dependent responses in the skin than postischemic hyperemia. 29 Regional heterogeneity of endothelial function has been suggested within the peripheral circulation. 30 The mechanism of this difference is unclear; it has been suggested that the endothelium of larger conduit arteries has greater NO synthase activity than that of smaller resistance arteries. In rats and mice, Ach endothelium-dependent relaxation in large mesenteric arteries was reported to be more sensitive to NO blockade than that of smaller mesenteric arteries, emphasizing the role of NO in large arteries and that of non-NO mechanisms, including endothelium derived hyperpolarizing factor and cyclooxygenase-dependent pathways, in resistance arteries. 31 Similar differences were reported in small and large human arteries: NO-mediated relaxation accounted for onethird of endothelium-dependent vasodilatation of arterioles, two-thirds being mediated by K+ channels, likely in response to endothelium derived hyperpolarizing factor. 32 Nonetheless, in other comparative studies performed in humans, different vascular beds responded similarly to the same or even different stimuli, particularly the brachial and coronary artery. 33 Response to intracoronary Ach was positively correlated with other vascular stimuli such as response to pacing, exercise and mental stress, indicating that abnormal pharmacological response of the coronary bed reflects the reaction to physiological stimuli. 34 Anderson et al. 35 reported a correlation between the Ach-induced vasodilatation of coronary arteries and FMD in the brachial artery. When the FMD was measured in both coronary and brachial arteries, a close correlation was found 34 . Of major importance, Park et al. 36 compared the FMD of the brachial artery measured during postischemic hyperemia and the endothelial function of subcutaneous resistance arteries measured in vitro after stimulation of endothelial muscarinic receptors by Ach. The results clearly showed that, in essential hypertensive patients, endothelial dilatory responses were similar in large and small arteries. Ultrasound measurement of endothelial dysfunction in the brachial artery appeared to be less sensitive than in vitro measurements in subcutaneous resistance arterioles.
In the present study, Ach iontophoresis elicited a substantial six-to eightfold increase in skin blood flow relatively to baseline flow; this is in line with previous studies in healthy individuals. [28] [29] [30] Several studies have related FMD in the brachial or other conduit arteries with changes in blood flow measured entirely or predominantly in the microcirculation. In two separate studies, Shamim-Uzzaman et al. 37 compared brachial artery FMD with skin microvascular changes provoked by postocclusion hyperemia. Laser Doppler imaging was performed on the dorsum of the middle finger of the hand contralateral to the brachial FMD measurement. For both types of measurement, the occlusion cuff was placed around the forearm, so the occlusion was distal to the brachial artery but proximal to the skin measurement site. Under these conditions, there was no correlation between brachial FMD and skin FMD. Gori et al. 38 did not find significant correlation between postocclusion FMD in the radial artery and the peak increase in skin microvascular blood flow of the contralateral forearm provoked by iontophoresis of Ach. In contrast, Hansel et al. 39 evidenced a positive correlation between the brachial FMD and the Ach-induced cutaneous vasodilatation in healthy subjects. The discrepancies between previous studies is likely explained by the lack of standardized methods for both techniques (i.e., postischemic hyperemia, cuff placements etc.) and more or less inaccurate measurements of small changes in conduit artery diameter with standard B-mode ultrasound systems. 16 A large amount of literature has reported an endothelial dysfunction in populations at increased risk for acute CV events. 9, 40 In our present set of data, we tested the relationship between both methods for individuals with FMD lower or larger than 5%. We did not evidence any significant difference in both slopes and intercepts values of the linear It is generally admitted that most of the hemodynamic resistance is located at the arteriole level and that the capillary network does not play a major role in the determination of resistance. However, it cannot be excluded that lower capillary density in patients with high CV risk might limit the increase in skin blood flow.
Because the two techniques explore different NO-dependant endothelial vasodilatory pathways, our study design cannot determine the amount by which the macro and microvascular beds were differentially affected: Iontophoresis with Ach triggers agonistic-dependant pathway in the microcirculation whereas mechanosensitive pathways are activated by shear stress in brachial FMD.
study limitations
Because the measurements were performed only once in each participant, the within-subject variability could not be estimated. However, the narrowed confidence interval of the relationship between the values obtained by the two different techniques implies that the reproducibility of both techniques might have been high. A correlation coefficient of 0.920, corresponding to an r 2 value of 0.846 implies that, given the assumption of normality, ~85% of the variation in one measure can be accounted for by the other measure. Furthermore, because the two techniques were performed within 10 min, variability due to temporal changes in endothelial function in both vascular beds was assumed as negligible in our study. This would be an additional source of variability if either technique were utilized to follow individual patients over time or with treatment as already reported with brachial FMD. 40 The value of the FMD does not only depend on the endothelial ability to respond to increased shear stress but also on the magnitude of the endothelial stimulus, i.e., the ischemia-induced shear stress. In our present experiments, the postischemic hyperemia and thus the increase in brachial shear stress could be another source of variability of endothelial response in the brachial artery. However, the relatively low range of increased ischemia-induced shear stress (23.2 ± 4.3 dyne/cm 2 ) suggests that the differences in FMD among patients was mainly dependent on differences in endothelial response and not in shear stress.
Another limiting factor is represented by the administration of Ach with iontophoresis. The amount of compound delivered is directly proportional to the quantity of charge passed and multiple factors such as skin permeability, drug purity and nonspecific current-induced vasodilation. 40 The importance of nonspecific current-induced vasodilatation was probably negligible, since we utilized low current over a limited duration (10 s) far beyond the intensity and duration reported to induce current-induced vasodilation. 41 Actually, the use of a continuous monopolar current during iontophoresis has been reported to lead to a nonspecific vasodilatation. 42 We have previously reported that, during iontophoresis, anodal excitation cannot account for the delay and amplitude of the vascular response observed during Ach iontophoresis. 42 Another problem is represented by the NO dependency of endothelial response triggered by Ach iontophoresis that could account for only 30% of the vasodilatory response. The contribution of other concomitant factors such as prostanoids or endothelium derived hyperpolarizing factor in the response to Ach stimulus is still debated. 43 Finally, significant capillary rarefaction have been evidenced in hypertensive and diabetic patients; we cannot exclude that lower capillary density in patients with high CV risk might limit the increase in skin blood flow and thus both responses to Ach and to ischemiainduced hyperemia.
In conclusion, the strong relationship observed between the endothelial function assessed by FMD of the brachial artery and Ach-induced increase in laser Doppler skin blood flow suggests that endothelial function is affected in both medium-sized peripheral conduit arteries and microvascular beds, independently of the nature of the stimulus. Our results suggest that the noninvasive assessment of endothelial function using Ach iontophoresis and LDF represent an advantageous surrogate to brachial FMD independently of the severity for CV risk. However, we don't know whether the results from this small observational study is sufficiently representative of a wider population. Other larger studies will be necessary to confirm and generalize our present results. Moreover, further detailed investigations are needed to determine if measurements by the same methods would also well correlate during pathologies such as hypertension, diabetes or atherosclerosis. 
